Dengue virus (DENV) infection is considered one of the most important mosquito-borne diseases. It causes a spectrum of illness that could be due to qualitative and/or quantitative difference(s) of the natural killer (NK) cell responses during acute DENV infection. This view prompted us to perform a detailed phenotypic comparative characterization of NK cell subsets from DENV-infected patients with dengue fever (DF), patients with dengue haemorrhagic fever (DHF) and healthy controls. The activation/differentiation molecules, CD69 and CD57 and a variety of tissue homing molecules were analysed on the CD56 + subset contained a high frequency of cells expressing skin-homing markers, the CD56 hi CD16 À subset contained a high frequency of cells expressing bone marrow and lymph node trafficking markers. Interestingly, no differences of these NK cell subsets were noted in samples from patients with DF versus those with DHF. These findings suggest that activation and differentiation and the patterns of tissue homing molecules of the two major NK cell subsets are different and that these might play a critical role in the immune response against acute DENV infection.
Summary
Dengue virus (DENV) infection is considered one of the most important mosquito-borne diseases. It causes a spectrum of illness that could be due to qualitative and/or quantitative difference(s) of the natural killer (NK) cell responses during acute DENV infection. This view prompted us to perform a detailed phenotypic comparative characterization of NK cell subsets from DENV-infected patients with dengue fever (DF), patients with dengue haemorrhagic fever (DHF) and healthy controls. The activation/differentiation molecules, CD69 and CD57 and a variety of tissue homing molecules were analysed on the CD56 hi CD16 À and CD56 lo CD16 + NK cells. Although there was no increase in the frequency of the total NK cells during DENV infection compared with the healthy individuals, there was a significant increase in the frequency of the CD56 hi CD16 À subset and the frequency of CD69 expression by both NK cell subsets during the febrile phase of infection. We also found an increase in the frequencies of cells expressing CD69 and CD57 in the CD56 lo CD16 + subset compared with those in the CD56 hi CD16 À subset. Moreover, although the CD56 lo CD16 + subset contained a high frequency of cells expressing skin-homing markers, the CD56 hi CD16 À subset contained a high frequency of cells expressing
Introduction
Dengue is a mosquito-borne flavivirus disease that is responsible for infecting almost 400 million individuals annually with a vast majority being infants and children living in tropical and sub-tropical Asian and Latin American countries. 1 Dengue virus (DENV) is transmitted to humans by infected female mosquitoes mainly of the Abbreviations: DENV, dengue virus; DF, dengue fever; DHF, dengue haemorrhagic fever; NK cell, natural killer cell
I M M U N O L O G Y O R I G I N A L A R T I C L E
species Aedes aegypti, the mosquito that also transmits Zika virus, yellow fever virus and Chikungunya virus. DENV infection causes a broad spectrum of clinical manifestations, ranging from asymptomatic, relatively mild dengue fever (DF) to severe disease with vascular leakage, shock and multi-organ failure, traditionally referred to as dengue haemorrhagic fever (DHF)/dengue shock syndrome (DSS), which can lead to death. 2 There are four distinct, but antigenically related, serotypes (DENV-1, -2, -3, -4) that cause dengue infection. 3 Primary infection with one serotype is usually benign and provides significant protection against the same serotype with only partial cross-protection against other serotypes. However, patients with a secondary heterotypic infection are at least 40-80 times more likely to develop DHF/DSS. 4 Although significant advances have been made in our understanding of dengue pathogenesis, it is still difficult to predict whether an acutely infected individual will develop a severe form of disease. However, both viral and host genetics along with the characteristics of the innate and acquired host immune responses appear to be involved in the disease outcomes. 5, 6 Despite the fact that there is a large body of data with regards to dengue-specific humoral and cellular immune responses and their role in both disease pathogenesis and protection, 4 much less is known about the role of innate immunity. Upon infection with DENV, the virus infects and replicates within the Langerhans cells, macrophages and dendritic cells in the skin followed by spread of the virus throughout the body. 7 The innate immune response plays an intrinsic role at the level of these infected cells by recruiting and activating innate immune cells that have the potential to eliminate the virus at the early stage of infection and promote the development of adaptive immune responses. 8 The signalling system of type-1 interferon derived from these infected cells is known to play a crucial role in the activation of innate immune cells including natural killer (NK) cells, which may play an important role in limiting viral replication during acute DENV infection.
Natrual 9 The CD56 lo CD16 + NK cell subset constitutes up to 90% of total NK cells; it expresses perforin and killer immunoglobulin-like receptors and is considered to be the subset with a cytotoxic potential that can be recruited into inflammatory tissues in response to chemokine gradients. 10 The other CD56 hi CD16 À NK cell subset is conventionally known as the cytokine-producing NK cells, and these are rare in the circulation but dominant in lymph nodes and other tissues. 11 NK cell activity is transiently increased following DENV infection. 12 The DENV envelope protein activates NK cells by binding to the NKp44 activating receptor on the NK cells. 13 Furthermore, the activation of NK cells and the subsequent release of intracellular cytotoxic granules have been associated with mild clinical disease.
14 These data suggest that NK cells may particularly play an important role during acute infection in the defence against DENV infection.
The aim of this study was to describe more precisely the frequencies of NK cell subsets, their expression of markers of cell activation and those that are associated with tissuespecific homing in efforts to define a role for these subsets during acute DENV infection. In addition, it was the objective to determine if these phenotypic markers would help to distinguish benign DENV illness from the more severe form of DENV infection including DHF/DSS. Although we found no difference in the frequencies of NK cell subsets based on disease severity, the two major NK cell subsets showed differences in the frequencies of cells expressing activation markers and those associated with tissue-specific homing. Hence, there was an increase in the frequencies of activation markers and those associated with skin homing by the CD56 lo CD16 + NK cell subset and an increase in the frequencies of the CD56 hi CD16 À NK cell subset that express cell surface markers that are associated with preferential homing to the bone marrow, lymph nodes and central nervous system. These findings suggest that these changes in NK cell subsets may contribute to the tissuespecific pathology during acute dengue infection.
Materials and methods

Study population and sample collection
Subjects enrolled in this study included those that were clinically classified by the physicians as highly suspected of dengue infection. Dengue-infected patients were diagnosed and the stage of the disease was classified using routine laboratory measurements including complete blood count, urine and blood chemistry, and clinical records by the attending physicians. Table S1 ).
Monoclonal antibodies and reagents
The staining panels consisted of the following fluo- ; the PE-labelled mAbs to CCR9 and CCR7 were purchased from R&D Systems (Minneapolis, MN); the PE-labelled mAb to ICOS was purchased from eBioscience (San Diego, CA) and the remaining mAbs were purchased from Biolegend (San Diego, CA).
Immunofluorescent staining
One hundred microlitres of whole blood was dispensed in a 12 9 75-mm polystyrene tube containing saturated concentrations of each of the following mAbs: HLA -DR-FITC, CD57-PE, CD45-PerCP, CD3-PE-Cy7, CD19-PE-Cy7, CD7-APC, CD56-A700, CD14-APC-Cy7, CD69-Pacific Blue and CD16-BV510. After 15 min of incubation at room temperature in the dark, the stained cells were re-suspended in 2 ml of 19 FACSlysing solution (BD Biosciences) then incubated for another 15 min. After centrifugation at 450 g for 5 min, the supernatant fluid was discarded. The stained cell pellets were washed with 500 ll of 19 FACSlysing solution (BD) and incubated for 1 min, followed by the addition of 2 ml of PBS and centrifugation. Finally, the stained samples were resuspended in 300 ll of PBS and kept at 4°before analysis using a BD LSRFortessa flow cytometer (BD Immunocytometry Division, Mountain View, CA). For the analysis of tissue-specific homing markers, the staining procedure used was the same as described above except that CD57-PE was replaced by the following mAbs: CCR2, CCR5, CCR7, CCR9, CCR10, CD29, CD62L, CD103, CD122, CD132, CD137, CXCR3, CXCR4, ICOS and Beta7.
Flow cytometric analysis
The NK cell subsets were analysed with linear amplification of the FSC-H and SSC-H signals and logarithmic amplification of the fluorescence channels. Cells stained with FITC-, PE-, PerCP-and PE-Cy7-conjugated mAbs were excited using a 488-nmblue laser, the long red APC, A700 and APC-Cy7 were excited by a 635-nmred diode laser, whereas the violet Pacific Blue and BV510 were excited by a 405-nmviolet laser. Acquisition of all events of the stained cells in the bivariant FSC-H/SSC-H was performed. The FSC-H/FSC-A, SSC-W/SSC-H and FSC-W/FSC-H were used to discriminate doublets from single cells. The mononuclear cells were identified by SSC-A/CD45. The monocyte population was deleted from analysis by gating out cells that were strongly positive for the CD14 cell surface molecule confirmed by using FSC-A/SSC-A. NK cells were identified by cells that were negative for CD3 and CD19, the cell surface markers of T and B lymphocytes, respectively. The gating strategy for the identification of NK cells and its subsets is shown in Fig. 1 (Fig. 1) . The frequencies of activated and terminally differentiated NK cell subsets were defined by CD69 and CD57, respectively. In addition, the frequencies of each NK subset that expressed each of the tissue-specific homing markers were also analysed. The data were acquired using the BD LSRFortessa and analysed using the BD CELLQUEST PRO software (Ashland, OR).
Statistical analysis
All descriptive statistics were performed using PRISM software. Data for each assay were expressed as the mean AE SD of the number of samples within each category of patients or controls. Comparisons of statistical difference between parameters were performed using the non-parametric Mann-Whitney U-test. The threshold for statistical significance for all comparisons was chosen as P < 0Á05.
Results
Frequency of CD56
hi CD16 À NK cell subset increases during DENV infection Using polychromatic flow cytometry, we performed phenotypic characterization of the frequencies of NK cells and their subsets in peripheral blood samples from DENV-infected patients and compared the results obtained from healthy individuals.
As can be seen, there were no significant differences in the frequency of total NK cells between DF patients, DHF patients and healthy individuals (Fig. 2a) . However, as seen in Fig. 2(b) , whereas the frequencies of the CD56
hi CD16 À NK cell subset increased significantly in samples from the DF and DHF patients compared with the healthy individuals (P < 0Á05 and P = 0Á02, respectively) the frequency of the CD56 lo CD16 + NK cell subset decreased in samples from the DF patients compared with the healthy individuals (P = 0Á04) (Fig. 2c) .
Magnitude of NK cell activation during acute DENV infection is not distinguished by severity of DENV infection
As expected, acute DENV infection led to increases in the frequencies of CD69-expressing NK cells. As seen in Fig. 3(a,b) , there were significant increases in the frequencies of CD69-expressing CD56 hi CD16
À and CD56 lo CD16 + NK cells in samples from DENV-infected patients compared with control healthy individuals (P < 0Á001 and P = 0Á001, respectively). The increases in NK cell activation were essentially similar in samples from both DF and DHF patients, suggesting a lack of correlation between the frequencies of activated NK cells and severity of the disease.
The finding that viral infections could contribute to NK cell differentiation prompted us to analyse the frequencies of cells expressing CD57, a terminal differentiation marker. The results of these analyses showed that the frequencies of CD57-expressing CD56 hi CD16 À and CD56 lo CD16 + NK cell subsets in samples from both DF and DHF patients were similar to that noted for samples from healthy controls (Fig. 3c,d ). Frequencies of CD69-expressing and CD57-expressing CD56 lo CD16 + NK cell subsets were significantly higher than those in the CD56 hi CD16 À NK cell subset (P < 0Á001 for both; see
Supplementary material, Fig. S1 ).
Kinetics of the NK cell activation and differentiation during acute DENV infection
The increased frequencies of NK cells that express the CD69 activation marker during acute DENV infection prompted us to examine in more detail the kinetics by which such increases occur and its relationship to the expression of CD57, the marker of terminally differentiated cells. We therefore determined NK cell subsets in DENV-infected patients on different days of fever ranging from day À3 (DÀ3) to day +3 (D+3). Samples collected on DÀ3 to DÀ1 were considered as representing the febrile phase, those collected during D0 to D+1 represented the defervescence phase, and those collected during D+2 to D+3 represented the recovery phase. As shown in Fig. 4(a,b) , the frequencies of CD69-expressing CD56 hi CD16 À (P = 0Á003) and CD56 lo CD16 + (P < 0Á001) NK cell subsets peaked during the febrile phase of DENV infection. The frequencies of CD69-expressing NK cell subsets subsequently decreased slightly in samples representing the recovery phase. The analysis of CD57-expressing cells, on the other hand showed a trend towards an increase in the expression of CD57 by NK cells, particularly the CD56 lo CD16 + NK cells during the recovery phase of infection but the values obtained did not reach statistical significance (Fig. 4c,d) . Overall, these data suggest that during DENV infection, NK cells are activated during the early phase for rapid response against the virus, and differentiate to the final stage of NK cells during the late phase of infection. 
Expression of homing molecules of the NK cell subsets during DENV infection
It is generally known that a variety of chemokine receptors are expressed during NK cell activation that serve to mobilize these cells to distinct tissue compartments in vivo. There is, at present, limited knowledge as to the nature of these chemokine receptors expressed by NK cells during acute DENV infection. It is reasoned that the results of such studies may help in our understanding of the kinetics by which tissues that potentially serve as the major targets of DENV induced inflammation during acute infection. We therefore examined a series of homing markers that serve to direct cells to distinct tissue compartments and included those that guide cells to home to the gastro-intestinal tissues (CD103, CCR9 and Beta7), those that guide cells to the bone marrow (CD122, CD132, CD137 and CXCR4), those that are known to be lymph node seeking (CCR7, CD62L), the skin (CCR10), the lungs (ICOS), central nervous system (CD29), and those that home to inflamed tissues in general (CCR2, CCR5 and CXCR3). We investigated the expression of these homing markers on NK cell subsets on samples from DENV-infected patients and compared these values with those obtained on samples from healthy individuals.
The expression of homing markers on the surface of the CD56 hi CD16 À and CD56 lo CD16 + NK cell subsets varied in both DENV-infected patients (D) and healthy individuals (H). First of all, the homing markers that were expressed at low to ultra-low levels by both subsets of NK cells in both healthy individuals and dengueinfected patients included CXCR4, ICOS, CD137, CD103, CD29, CCR9, CCR7 and CCR2 (Fig. 5) . The major differences noted between healthy individuals and dengue patients was the decreased frequencies of both NK cell subsets that expressed CXCR3 (P < 0Á05) and increased frequencies of both subsets that expressed CCR10 (P < 0Á001). However, there was no significant difference in the level of expression of any of these homing molecules between the DF and DHF patients (see Supplementary material, Fig. S2 ). These data indicate that the most distinguishing characteristics in homing marker expression between DENVinfected patients and healthy individuals was the increased expression of the homing markers to bone marrow, lymph nodes and skin by both NK cell subsets in DENV-infected patients compared with controls. A decreased frequency of CXCR3 (marker of inflammation) expression was also observed in both NK cell subsets; however, the significance of this decrease remains unclear.
Discussion
In addition to B-and T-cell adaptive immunity, the innate immune response constitutes the first line of protection against pathogenic microorganisms and plays an important role during the early control of viral infections. NK cells are innate lymphoid cells specialized in recognizing and destroying virus-infected cells during the early phase of infections. In this study, we extensively characterized the expression of activation and differentiation markers of the NK cell subsets in peripheral blood collected from young patients during acute DENV infection. This study most likely represents patients who have been exposed previously to either DENV or other cross-reactive flaviviruses and so are secondary or tertiary infections. Therefore, these data need to be interpreted with this in mind.
As opposed to previous studies that demonstrated increased levels of NK cells in acute DENV-infected patients, 14, 17 we did not detect any difference in the frequency of the total NK cells among the DF and DHF patients compared with the healthy controls. The reasons for this contradictory result are not clear but a number of variable factors have been previously identified and could be the basis. These include the development of mechanisms that lead to evasion of the human innate immune system by previous exposure to dengue or other related flaviviruses, variations in the levels of poorly neutralizing serotype cross-reactive antibodies known to induce antibody-dependent enhancement, cross-reactive T cells and rapid and massive virus-specific plasmablast response.
18-21 DENV-infected patients showed a significantly higher frequency of the CD56 hi CD16 À NK cell subset concomitantly with a lower frequency of the CD56 lo CD16 + NK cell subset than the healthy individuals but there was no significant difference in the frequency of these two major NK cell subsets between the DF and DHF patients. There are increasing numbers of articles describing the activation of CD56 hi CD16 À NK cells in many diseases. [22] [23] [24] The cells with phenotypic characteristics of CD56 hi NK cells were increased significantly in patients with a positive tuberculin skin test compared with patients with overt tuberculosis and normal individuals. 25 The same phenomenon was also observed in patients who were chronically infected with hepatitis C virus (HCV), in which the proportion of CD56 hi CD16 À among total NK cells was increased and these immunoregulatory NK cells produced more interferon-c than HCV resolvers and normal uninfected controls. 26 The significant increase of CD56 hi CD16 À in these patients might contribute to T-cell polarization, as in the case of HCV, and protect from active tuberculosis by secreting high amounts of interferon-c by CD56 hi CD16 À NK cells. In addition, the proportion of NK cells and their subsets that express the early activation marker, CD69, significantly increased in the DENV-infected patients compared with the healthy controls, but there was no significant difference in frequency of CD69 + NK cells between DF and DHF patients. This activation of the NK cells was transient as the values slightly decreased to baseline level a few days after disease onset. These results were consistent with other studies demonstrating an elevation of the frequency of CD69 + NK cells during the acute phase of DENV infection, 13, 14, 27 particularly in children who developed DHF. 28, 29 The NK cell activation has been observed not only in primary DENV infection in mice, 17 but also in response to influenza and hepatitis B virus (HBV) infection, and shown to correlate with human immunodeficiency virus 1 (HIV-1) disease progression. [22] [23] [24] There was an increase of CD57 expression in NK cells during infection especially by the CD56 lo CD16 + NK cell subset and the population was slightly increased, suggesting that the less differentiated CD56 lo CD16 + NK cells become more mature as exemplified by the expression of CD57 during the recovery phase of infection. The CD57 expression is associated with NK cell maturation and function, which includes high cytolytic activity and cytokine production. Increased frequencies of CD57 + NK cells have been reported in patients with a variety of viral infections such as cytomegalovirus, HIV, Chikungunya virus, HBV and HCV. [30] [31] [32] [33] Interestingly, CD57 is also considered as a marker of memory NK cells that can expand rapidly in response to the appropriate viral antigens. This is supported by the finding that the NK cells directly recognize mouse cytomegalovirus and result in extensive proliferation of this cell lineage and leads to the generation of long-lived NK cells with characteristics that are similar to that noted for memory T cells. 34 Taken together, these data suggest that both activation and maturation of NK cells are induced during the acute phase of DENV infection.
The NK cells are one of the earliest immune cell types rapidly recruited to sites of infection. They leave the bone marrow and reside in the blood, spleen, liver and various organs. 35 It is reasonable to assume that more information on the expression of homing markers by the NK cells, particularly during acute infection, may provide some clues with regards to where these cells originate and target. Using flow cytometry techniques, we analysed the expression of a series of homing markers for many tissues or organs on activated peripheral blood CD56 hi CD16
À and CD56 lo CD16 + cells, the two major NK cell subsets in samples from DF/DHF patients and, for comparison, healthy individuals. A high frequency of cells expressing the homing molecules that promote the trafficking of cells to the bone marrow and lymph nodes were shown to be expressed by the activated population of the cytokinesynthesizing CD56
hi CD16 À NK cell subset. On the other hand a high frequency of cells expressing the homing molecule that promotes trafficking to the skin was found on the activated CD56 lo CD16 + cytolytic NK cell subset. These data appear to suggest that the predominant homing of these NK cells (particularly activated NK cells) appears to be directed to both the bone marrow, skin and possibly the lymph nodes. These tissue-specific localizations are consistent with the generally accepted finding of DENV infection being a 'bone-breaking disease' and a disease that often results in 'petechiae' following resolution of infection. We reason that elevated levels of these homing markers enhance the influx of the NK cells to those specific tissue sites that may be involved in protection by limiting viral replication or exacerbation of DENV pathogenesis that would otherwise occur by the overt triggering of cytokine production that might facilitate the infection. We showed that CD56 hi CD16 À NK cells retained the homing receptors expression for migration into the bone marrow and lymph nodes, which are known as important organs for NK cell development. 50, 51 Several studies have previously shown an involvement of the CXCR3 chemokine during inflammation as the CXCR3-deficient mice have significantly higher mortality rates and viral loads in the brain after DENV infection than the wild-type mice. 52 One possible explanation for this finding is that CXCR3-expressing NK cells might accumulate in the inflammatory tissues, so we could not detect them in the peripheral blood. Supporting evidence in other viral infections shows that lymph nodes and cerebrospinal fluid are enriched with CXCR3 + CD8 T cells and also its cognate ligands CXCL9 and CXCL10 compared with the levels in the blood during the early phase of HIV infection. [53] [54] [55] [56] In conclusion, our study demonstrates an important role of NK cells in the response against the early phase of DENV infection. Although we could not observe any association between the NK cell subsets and the severity of DENV disease, we found an increase in the frequency of activated NK cells, especially in the CD56 lo CD16 + NK cell subset during acute infection. The two major subsets of NK cells also appear to express chemokines that facilitate homing to specific tissues as exemplified by the finding of the preferential residency of CD56 hi CD16 À NK cell subset in the bone marrow and possibly in lymph nodes, whereas the CD56 lo CD16 + NK cell subset migrates to the skin. These results may provide a better understanding of dengue pathogenesis and provide food for thought with regard to the development of prognostic markers and effective treatment for DENV infection. 
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